Experimental observation of an enhanced anisotropic magnetoresistance in 

non-local configuration 
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We compare non-local magnetoresistance measurements in multi-terminal Ni nanostructures with 
corresponding local experiments. In both configurations, the measured voltages show the charac- 
teristic features of anisotropic magnetoresistance (AMR). However, the magnitude of the non-local 
AMR signal is up to one order of magnitude larger than its local counterpart. Moreover, the non- 
local AMR increases with increasing degree of non-locality, i.e., with the separation between the 
region of the main current flow and the voltage measurement region. All experimental observations 
can be consistently modeled in terms of current spreading in a non-isotropic conductor. Our results 
show that current spreading can significantly enhance the magnetoresistance signal in non-local 
experiments. 



Non-local voltage measurements are an important 
tool in solid state physics, e.g., for the study of spin 
accumulation and spin currents in nanoscale ferromag- 
net /normal metal hybrid samples [TH5]. The term 
'non-local' hereby means that the region of the sam- 
ple probed by the voltage measurement nominally 
is free of charge current. In other words, charge 
current related effects can be suppressed in appro- 
priate non-local voltage measurements 7\. In con- 
trast, in a conventional 'local' measurement, the volt- 
age is probed along the region of charge current 
flow, such that galvanic effects due to charge mo- 
tion usually are dominant. However, in spite of the 
widespread use of non-local measurements for the 
study of ferromagnetic/non-magnetic hybrid devices, 
little is known about non-local effects in plain fer- 
romagnetic nanostructures. We here investigate the 
anisotropic magnetoresistance (AMR) in ferromag- 
netic 3d transition metal nanostructures, comparing 
measurements in both local and non-local geometry. 
Both the local and the non-local signals show the 
cos 2 9 dependence characteristic for AMR [8] , where 8 
is the angle enclosed by the magnetization of the fer- 
romagnet and the direction of the local current flow. 
However, while non-local signals usually decay expo- 
nentially with the separation L between the local cur- 
rent flow and the voltage probes, we find that in our 
case, the magnitude of the non-local AMR (the rela- 
tive resistance change) increases linearly with increas- 
ing separation L. Consequently, the non-local AMR 
is up to one order of magnitude larger than its local 
counterpart, measured in one and the same device. 
We show that current spreading in combination with 
a non-isotropic resistivity tensor indeed accounts for 
the substantial increase of the non-local AMR magni- 
tude with increasing degree of non-locality. 

The ferromagnetic metal Hall bar structures were 
deposited onto SiO^/Si wafers via electron-beam 
lithography, electron-beam evaporation and lift-off. 



Fig. [lja) shows a typical SEM image of a typical sam- 
ple. We have fabricated and studied samples made 
from Ni with different film thicknesses, and found that 
the film thickness has no significant impact on the re- 
sults. For the sake of simplicity, we here focus on one 
particular sample with a Ni film thickness of 50 nm, 
a main Hall bar width w = 110 nm (vertical wire 
in Fig. [lja)), and 80 nm wide voltage leads (horizon- 
tal wires). The distance L between adjacent voltage 
leads, measured from center to center, systematically 
varies from 150 nm to 300 nm. 

For the resistance measurements, an alternating 
(switched) DC current of I = ±100 fiA was applied, 
and the resulting DC voltage was recorded with a 
nanovoltmeter. For such current magnitudes, the 
I-V characteristic of the Hall bar device is linear. 
More precisely, the measured resistivity changes by 
less than 1 % (e.g. by Joule heating) for measurement 
current magnitudes 10 fiA < I < 500 /iA. The lo- 
cal quantities, i.e., the longitudinal resistances R and 
the corresponding resistivity p, are determined using 
a conventional four point measurement configuration 
(Fig. [ljb)). The current is sent through the Hall bar, 
while the voltage probes are attached to two horizon- 
tal voltage leads. The high and low voltage and cur- 
rent connections, symbolized by + and — in Fig.Qb), 
respectively. Figure [ljc) illustrates the configuration 
used for the detection of the non-local voltage signals. 
The current is passed through one of the horizontal 
wires. The voltage probes are situated on the ends of 
another, parallel wire, which is not directly exposed to 
the current flow. We find that the non-local voltages 
Vnl scale linearly with the applied local current. We 
therefore use the non-local resistance -Rnl = Vnl /I m 
the following. One nevertheless should keep in mind 
that i?NL is n °t a true resistance but a normalized 
voltage signal. 

The magnetoresistance measurements were con- 
ducted with an external magnetic field H applied in 
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FIG. 1. (a) SEM picture of a typical Hall bar sample. 
(b),(c) Contact schematic for (b) local and (c) non-local 
measurement configurations. 



the substrate plane. We here use the angle 9 enclosed 
between H and the current direction I to quantify 
the field orientation. Note that the direction of cur- 
rent flow is different in the local and the non-local ge- 
ometry (cf . Fig. [T]) . For local voltage measurements, 
8 = 0° corresponds to H || y, since I |j y in this case. 
In contrast, 9 = 0° refers to H || x for non-local ex- 
periments. All experiments discussed in the following 
were performed as a function of 9 at jUo|H| = 2T. 
Since this magnetic field magnitude is several times 
larger than the Ni anisotropy fields, the magnetization 
M of the Ni nanostructure will always be aligned along 
H in good approximation (M||H). We therefore em- 
ploy 9 also for the discussion of the anisotropic mag- 
netoresistance (AMR) measurements below, although 
the AMR strictly speaking is governed by the rela- 
tive orientation of M with respect to I. In particular, 
we will use i?| | for the resistance measured at 9 = ° 
(M||I), and R ± for 9 = 90° (M _L I). All measure- 
ments presented in the following were taken at room 
temperature. We also studied the local and non-local 
AMR at T = 3K, and observed AMR magnitudes 
comparable to T = 300 K. 

The resistivity p» of the Ni wires was determined 
to 17.0p.ftcm at T = 300 K. Due to the AMR ef- 
fect, R(9) = R± + (R\\ — R±) cos 2 9 characteristically 
changes as a function of 9 [5] , see Fig. [2^ a) . As ex- 
pected for Ni [HI [TU] , i?| | > R± . The maximum rel- 
ative resistance change, the so-called AMR value, is 
commonly defined as AMR = — R±J /R±- We 
find an AMR = 1.64% at 300 K in the present sam- 
ple, which is comparable to literature values for Ni 
[llj . AMR measurements in the non-local geometry 
are shown in Figs. |2fb) for different L. They all obey 

Rnl{9) = Rnl,± + (^nl,|| — -Rnl,_l) cos 2 9 (1) 



for parallel alignment of current and magnetic field 
and minimal for a perpendicular orientation. In other 
words, the qualitative behavior of -Rnl(^) is similar to 
the local resistance dependence R(9). Note also that 
1.5mfl < i?NL < 1.75 mf2 at L = 250 nm is nearly 
two orders of magnitude smaller than 111 mil < 
Rnl < 117 mf2 at 150 nm. This corroborates the no- 
tion that i?NL decays exponentially with the separa- 
tion L from the current. Interestingly, however, the 
magnitude of the non-local AMR value AMRnl = 
(-RnlJI — -Rnl,_l) /-Rnl.j. increases with increasing L. 
This is directly evident from Fig. [2jc), in which the 
magnetoresistance MR(0) = (R(0) — R±)/R± is plot- 
ted both for the local resistance R(9) (full symbols), 
and for several non-local configurations with different 
L (colored open symbols). Fits using Eq. ([I]) are rep- 
resented by the solid lines. Figure [2jc) in particular 
also shows that the AMR in the non-local geometry 
exceeds its local counterpart, by up to one order of 
magnitude for large L. 

The increase of AMRnl with L observed in exper- 
iment can be quantitatively understood in terms of 
current spreading in a non-isotropic conductor. Due 
to the AMR effect, the Ni film plane contains both 
low and high resistance directions. Moreover, these 
directions change as a function of the orientation of 
the magnetic field, such that also the current paths 
will spread differently for different 9 (cf. Fig.|3ja)). In 
Ni, the resistance is lower for current perpendicular 
to the magnetic field. Thus, for field in x-direction 
(blue solid lines in Fig. |3][a)), the current can spread 
"easier" along y, which results in more current and 
thus also a higher voltage difference in the region of 
the non-local voltage probes, as compared to the situa- 
tion for field parallel to the y-direction (orange dashed 
lines), where the y-direction is high resistance. Since 
the voltage decays exponentially, the difference be- 
tween the two field configurations is getting more and 
more pronounced with increasing L, leading to an en- 
hanced AMRnl value. 

The current spreading can be modeled quantita- 
tively using a two dimensional resistivity tensor p de- 
pending on 9, 
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p± + Ap cos 2 9 Ap sin 9 cos 9 
Apsm9cos9 pn — Apcos 2 i 



(2) 



with Ap = pu — p±. Considering a sample with 
width w, thickness t and point like current injection 
probes, which are remote (L ^> w) from the voltage 
probes, one can calculate the expected non-local re- 
sistance using the van-der-Pauw theorem, generalized 
to anisotropic media [321 H3] : 



as expected for an AMR signal, and are maximal 



exp (-7rfsi?AB,CD) + exp (-7rfsi? B C,DA) = 1- (3) 
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FIG. 2. (a) Local and (b) non-local resistance of a 50 nm 
thick Ni Hall bar recorded at room temperature as a func- 
tion of the orientation 8 of an externally applied mag- 
netic field (i H = 2T for (a) L = 2250 nm and (b) L 
ranging between 150 and 250 nm (cf. Fig. 0. (c) The 
MR (0) = (R(0)-R(8 = 90 °))/R(8 = 90°) increases by up 
to one order of magnitude with the degree of non-locality, 
i.e., with the separation L in the non-local experiments. 
The full lines are fits to the data according to Eq. |TJ. 



Here, s = V dct a, and a — p' 1 is the conductiv- 
ity tensor. The resistance -Rab,cd is denned as the 
voltage difference Vd — Vc between points D and C 
per current Ia^b from contacts A to B, and -Rbc,da 
denotes the respective permutation. Using the no- 
tation of Fig. |3][a), i?AB,CD corresponds to the non- 
local resistance i?NL- Fot L » w, the local lon- 
gitudinal resistance R = pL/(wt) will be equal to 
-Rbc.da = (Va - Vd) /Ib->C- Considering that s = 
y/p\\Px for the resistivity tensor of Eq. ^ and intro- 
ducing 7 = p|| /p± = 1 + AMR, Eq. Q reads 



Rnl (L, 8) = — : exp 



-^[l-fl-T-^cos 2 ! 
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FIG. 3. (a) Sketch of current spreading in the presence 
of anisotropic magnetoresistance. For the magnetic field 
parallel to the main current direction and thus parallel 
to the x-axis (blue solid lines), the resistivity is lower in 
y-direction. This leads to an enhanced current spread- 
ing along y. In contrast, current spreading along y is de- 
creased for H _L I (orange dashed lines), (b) The non-local 
AMR increases with the separation L between the main 
current path and the voltage detection wire. The symbols 
represent the experimental AMRnl values for 300 K. The 
solid line depicts the AMRnl (L) according to the analyt- 
ical model (Eq. ((5|). 



This yields 



AMRnl (L) = exp 



ttL 



7 V2 _ 7 -i/2 



-1. (5) 
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Equation ^ correctly reproduces all salient features 
of the experimental data. In particular, consider- 
ing the geometry and the AMR value of our sample, 
the exponential in Eq. ^ can be expanded, yielding 
AMR NL (L) = AMR-kL/w. This shows that the non- 
local AMR magnitude indeed increases with L. Fig- 
ure pi b) shows AMRnl obtained from Eq. {§) using 
7 as determined by local measurements. Calculation 
(line) and experiment (symbols) agree very well and 
confirm current spreading in an anisotropic conductor 
as the origin of our observations. Note that there are 
no free parameters in the calculation. 

In conclusion, we have studied the local and the 
non-local AMR in nanoscale Ni Hall bars. Both the 
local and the non-local signal change with the ori- 
entation of the Ni magnetization in a fashion char- 
acteristic for AMR. However, the non-local AMR is 
up to one order of magnitude larger than its local 
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counterpart, and increases roughly linearly with the 
degree of non-locality L. These experimental find- 
ings can be consistently understood in terms of cur- 
rent spreading in a material with anisotropic conduc- 
tance. Our results thus show that magnetoresistive 
properties can be substantially enhanced in non-local 
measurements. Clearly, a more detailed investigation 
of non-local magneto-resistive effects due to current 
spreading appears desirable, in particular also in fer- 
romagnet/normal metal hybrid structures frequently 
used in present experiments. 
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